Many herbs and spices have been shown to contain high levels of polyphenolic compounds with potent antioxidant properties. In the present study, we explore how nutrient availability, specifically nitrogen fertilization, affects the production of polyphenolic compounds in three cultivars (Dark Opal, Genovese, and Sweet Thai) of one of the most common culinary herbs, basil (Ocimum basilicum L.). Nitrogen fertilization was found to have a significant effect on total phenolic levels in Dark Opal (p < 0.001) and Genovese (p < 0.001) basil with statistically higher phenolic contents observed when nutrient availability was limited at the lowest (0.1 mM) applied nitrogen treatment. Similarly, basil treated at the lowest nitrogen fertilization level generally contained significantly higher rosmarinic (p = 0.001) and caffeic (p = 0.001) acid concentrations than basil treated at other nitrogen levels. Nitrogen fertilization also affected antioxidant activity (p = 0.002) with basil treated at the highest applied nitrogen level, 5.0 mM, exhibiting lower antioxidant activity than all other nitrogen treatments. The anthocyanin content of Dark Opal basil was not affected by applied nitrogen level, but anthocyanin concentrations were significantly impacted by growing season (p = 0.001). Basil cultivar was also determined to have a statistically significant effect on total phenolic levels, rosmarinic and caffeic acid concentrations, and antioxidant activities.
Introduction
Epidemiological evidence increasingly suggests that consumption of a diet rich in plant foods has a protective effect against cardiovascular disease and certain forms of cancer (1-3).
Although plants contain a variety of components which may lead to their overall health benefits including proteins, amino acids, vitamins, and fiber, recent research has focused on the role of secondary plant metabolites, particularly polyphenolic compounds and flavonoids, in disease prevention (3) . Plant polyphenols can vary widely in their structure and general classification but all share the common feature of containing at least one aromatic ring and one or more hydroxyl groups. Polyphenolic compounds in plants are naturally-occurring antioxidants and their radical scavenging capabilities are thought to play an important function in preventing many chronic illnesses (4) (5) (6) . Plant polyphenols have been shown to inhibit angiogenesis, tumorigenesis, and metastasis (7) (8) (9) and many are known to have antibacterial, antifungal and anti-inflammatory capabilities (10) .
Although the nutritional benefits derived from eating polyphenol-rich plant foods are well known, foods and beverages containing the highest polyphenolic levels (such as soy products or green tea) are often lacking or absent in many diets, particularly in Western countries (11, 12) . Therefore, there has been growing interest in developing simple methodologies to increase polyphenol concentrations in more commonly consumed plant foods to further enhance their overall nutritional value (13) (14) (15) . Polyphenolic compounds are produced by plants throughout their development for a variety of reasons: defense against microorganisms, insects, or herbivores (16, 17) ; nutrient availability (17) ; exposure to ultraviolet radiation (18) ; and because of allelopathic interactions (19) . However, because plant responses to such stimuli are highly varied and not well understood, utilizing such techniques to induce plants to produce secondary metabolites (therefore potentially increasing their nutritional value) is not common.
In particular, the availability of key macronutrients during plant growth has significant potential to affect polyphenolic accumulation (15) . Though nitrogen, phosphorus, potassium, and calcium fertilization levels have been shown to affect the production of secondary metabolites in some plants (20) (21) (22) (23) (24) , mineral nutrition has little or no effect on polyphenolic production in others (25) (26) (27) .
In the present study, we explore how nutrient availability, specifically nitrogen fertilization, affects the production of polyphenolic compounds in Ocimum basilicum L. (basil).
Although nitrogen fertilization has been previously shown to directly correlate with the growth, yield, and essential oil content of basil (28, 29) , the effect of nitrogen availability on the polyphenolic composition and antioxidant properties of basil has not yet been determined.
We have chosen basil for our study because it is one of the most popular culinary herbs worldwide, has a variety of cultivars available, and is often commercially produced in greenhouses, allowing for controlled manipulation of growing conditions (30) . Moreover, basil produces a range of polyphenolic compounds including rosmarinic acid, a characteristic it shares with herbs in the genus Lamiaceae. Rosmarinic acid is a cinnamic acid derivative with potent antioxidant activity (31) and known antiviral, antibacterial, and anti-inflammatory properties (32) . In addition, several purple basil cultivars also contain anthocyanins (33) which are powerful antioxidants (34) , and the polyphenolic pigments responsible for the red and blue colors found in many plants (35) .
Materials and Methods
Chemicals. All standards such as phenolic acids (e.g., rosmarinic acid, gallic acid, and caffeic acid) and anthocyanins (e.g., kuromanin chloride) were analytical grade and purchased from Sigma-Aldrich (St. Louis, MO). General reagents (such as 2,2'-diphenyl-1-picrylhydrazyl (DPPH), formic acid, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (trolox), etc.)
were purchased from either Fisher Scientific (Springfield, NJ) or Sigma-Aldrich. All solvents were HPLC/UV grade and were purchased from Pharmco Products Inc. (Brookfield, CT).
Phenol reagent was obtained from VWR (Suwanee, GA). Reagent-grade salts for the preparation of nutrient watering solutions were purchased from Sigma-Aldrich and used without further purification. nylon filter, the sample was directly injected into the HPLC using the analytical method described above. The resulting chromatograms were then compared to those obtained for the pure basil extract. The fraction of the remaining peak area to the initial area was calculated for rosmarinic acid and caffeic acid (43) .
Plant Materials and Growth

Data and Statistical Analyses.
One-way analysis of variance (ANOVA) was used to determine whether nitrogen treatment, cultivar, and season had a statistically significant impact on total phenolic levels, anthocyanin concentrations, antioxidant activities, and rosmarinic and caffeic acid levels for each of the basil cultivars. Statistical significance was determined at the p < 0.05 level using Tukey's post hoc test. Two-way ANOVA was used to elucidate whether combined effects between nitrogen fertilization level and basil cultivar existed for total phenolic contents and antioxidant activities. All statistical analyses were completed using SPSS, version 13.0 (SPSS Inc., Chicago, IL). Our results may be explained using the growth-differentiation balance (GDB) framework which is based on the principle that a "physiological trade-off" exists between plant growth and secondary metabolite production (17) . Nitrogen is an essential soil-derived macronutrient that is needed in relatively large amounts by plants for adequate growth as well as amino acid, enzyme, and protein formation (46) . When environmental conditions are good and nitrogen levels are adequate, the GDB theory states that plant growth will be favored, with production of photosynthetic proteins receiving resource priority. However, when environmental conditions are poor and the availability of an essential nutrient such as nitrogen is limited, the GDB framework proposes that growth allocation for a plant will decrease while the production of secondary metabolites that may aid in storage and defense subsequently increase (17) .
Results and Discussion
Analysis of Total Phenolics and Total
Within the GDB framework, the carbon/nutrient balance (CNB) hypothesis (47) Cultivar was also found to have a statistically significant impact on total phenolic levels.
Anthocyanin-containing Dark Opal basil had higher phenolic content than the green Genovese (p = 0.006) and Sweet Thai (p < 0.001) varieties, with Sweet Thai basil having the lowest total phenolic content overall. Cultivar is known to strongly influence the expression of polyphenolic compounds in a variety of plants (15) and basil genotypes have been previously reported to have large variations in their chemical composition (30) , although most studies have focused on essential oil composition (48) rather than foliar phenolic concentrations. Although nitrogen fertilization and cultivar were both found to influence total phenolic levels in basil, no interaction was found between these two variables (p = 0.620). Table 1 basil (33) , these values were determined in fresh leaves rather than dried. 
Quantification of Individual Basil Phenolics. A typical chromatogram of methanolic
basil extract is presented in Figure 2A . The largest chromatographic peak at a retention time of 11.3 min is rosmarinic acid, which is known to be the free phenolic acid present in highest concentration in Ocimum basilicum (51) . Caffeic acid, which is also commonly present in moderately high concentrations in basil (51) , is identified at a retention time of 3.6 min. Average rosmarinic acid concentrations were found to be 25.00 (± 7.73) mg/g DW for Based on the CNB hypothesis (17, 47) , limited nutrient availability increases the production of carbon-based secondary plant metabolites, particularly those that accumulate in plant tissue at high concentrations since they are often the stable end products of biochemical pathways directly associated with resource allocation (17) . Therefore, the fact that the highest rosmarinic and caffeic acid concentrations in basil are generally observed at the lowest nitrogen fertilization levels is directly supported by the CNB theory. Furthermore, because the highest total phenolic contents were found when nutrient availability was limited at the lowest applied nitrogen treatment, it is expected that the highest concentrations of primary individual phenolics such as rosmarinic and caffeic acids would also be observed under those conditions.
Determination of Antioxidant Activities. Average antioxidant activities for Sweet Thai, Dark Opal, and Genovese basil as a function of nitrogen fertilization were determined using the DPPH radical scavenging assay and are presented in Table 4 . Antioxidant activities ranged from Cultivar was found to have a significant effect on antioxidant activity (p < 0.001) with
Sweet Thai having lower antioxidant activity than Dark Opal and Genovese basil. Antioxidant activity correlates directly with total phenolic content (56), so it is expected that the basil cultivar exhibiting the lowest total phenolic levels, Sweet Thai, would also have the lowest overall antioxidant activity.
Nitrogen fertilization also affected antioxidant activity (p = 0.002) with basil treated at the highest applied nitrogen level, 5.0 mM, exhibiting significantly lower antioxidant activity than all other nitrogen treatments. The low antioxidant activities determined for basil treated with 5.0 mM applied nitrogen likely relate directly to the low total phenolic contents found for the same samples (see Figure 1) . Although the 0.1 mM nitrogen-treated basil exhibited the highest total phenolic levels overall, these basil samples did not have statistically higher antioxidant activities, but this may be due to the variability in the data for antioxidant capacities determined for replicate plant samples. Although both nitrogen fertilization and cultivar were found to impact basil antioxidant activity, no interaction was found between the two factors (p = 0.290).
To determine the radical scavenging activity of the individual basil phenolics, methanolic extract was analyzed by HPLC ( Figure 2B ) after performing a free radical scavenging assay (43) .
Rosmarinic and caffeic acid levels were quantified after the addition of DPPH and expressed as the percentage of phenolic acid remaining after radical scavenging (Table 5 ). Small amounts of the phenolic acids remained after completing the assay, indicating a high rate of DPPH freeradical scavenging activity by the basil extract. Rosmarinic and caffeic acid concentrations decreased significantly after DPPH freeradical scavenging for all cultivars. However, the decrease in rosmarinic acid levels (4 -7% remaining after radical scavenging) was greater than the decrease in caffeic acid concentrations (10 -30% remaining after radical scavenging). This result suggests that the DPPH free-radical scavenging activity of rosmarinic acid in our basil extracts is greater than that of caffeic acid.
Our results are supported by a previous study by Chen and Ho (31) which found that rosmarinic acid had a greater DPPH radical scavenging capacity than caffeic acid. In addition, the reaction of rosmarinic acid with DPPH has been shown to exhibit intermediate kinetic behavior while the reaction of caffeic acid with DPPH is kinetically slow (57).
Conclusions
Our results indicate that manipulation of nitrogen fertilization levels may be an effective method to increase the expression of polyphenolic compounds in basil. Higher total phenolic contents, rosmarinic acid levels, and caffeic acid concentrations were observed in basil when nutrient availability was limited at the lowest applied nitrogen treatment. Moreover, at the highest nitrogen treatment level, basil exhibited significantly lower antioxidant activity than under limited nutrient growing conditions. In addition to nitrogen fertilization, cultivar selection was also found to have a significant influence on polyphenolic content and antioxidant activity in basil.
